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ABSTRACT 
 
 
We have investigated probing breast tumor in a lumpectomy sample using a newly developed 
piezoelectric finger (PEF). PEF is a piezoelectric cantilever that consists of a top driving piezoelectric 
lead zirconate titanate (PZT) layer and a bottom sensing PZT layer sandwiched to a middle stainless steel 
layer. A PEF can both apply a force and detect the corresponding displacement in one single device by 
simple electrical means. Applying an electric field to the driving PZT layer causes the PEF to bend which 
in turn causes a measurable induced voltage across the sensing PZT layer that is proportional to the 
deflection of the PEF’s tip. Earlier studies have demonstrated that with the appropriate tip geometry, the 
PEF could accurately measure the elastic and shear moduli of a soft material. It could also differentiate 
and locate hard inclusions embedded in a soft matrix by the contrast of elastic moduli. In this study, we 
applied the PEF to probe a lumpectomy sample and located the tumor inside the sample using the spatial 
contrast of elastic moduli. 
 
  
I. INTRODUCTION 
 
 
Breast cancer has been one of the leading causes of death among women in the United States 
between the years 1975-2002 [1]. While we have made great progress in breast cancer survival rates over 
the past few decades [2], further progress can be made by improving the early detection of breast cancer.  
It has long been observed that most tumors are stiffer than the surrounding normal tissues under 
compression. Imaging techniques such as mammography or ultrasound elastography can examine tissue 
density or tissue stiffness under compression for breast cancer screening. The variations in tissue stiffness 
have increasingly become an important characteristic in locating the tumors.  For example, it is known 
that breast tumors can be more than seven to fourteen times stiffer than normal breast tissues [3-6]. 
Contrasting levels of stiffness within the breast may indicate cancerous tissue.  In addition, blood vessels 
with plaques are also stiffer than the normal blood vessels [7]. Contrasts in stiffness within the blood 
vessels can indicate accumulation of plaques.  
For in vivo examination, palpation is the traditional technique used by physicians.  This method 
relies on human touch, which is subjective and highly dependent on the examiner’s skill.  Over the past 
decades, many techniques have been developed to image tissue structures [8-13]. Computed Tomography 
(CT) [7] takes X-ray pictures from all 360 degrees and reconstructs 3D tissue structures using computer 
software. Magnetic Resonance Imaging (MRI) [8] uses powerful magnetic fields and radio waves to 
create tissue images for diagnosis. Ultrasound (US) [9] transmits high-frequency waves through tissue 
and captures the echoes to image tissue structures. T-scan (TS) [10] measures low-level bioelectric 
currents to produce real-time images of electrical impedance properties of tissues. CT, MRI, and US scans 
show the tissue density contrasts but provide no information on tissue stiffness. To date, mammography is 
the only FDA approved breast cancer screening technique. It too provides no information about the tumor 
stiffness and has a typical sensitivity of 85% which decreases to 65% in radiodense breasts [14].  Even 
with routine mammography, there are many false positives. Only 15–30% of breast biopsies yield a 
diagnosis of malignancy. Additional drawbacks of mammography include the discomfort from breast 
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compression and the risk of inducing cancer due to the radiation exposure. Meanwhile, the ultrasound 
elastography (UE) [11] can generate tissue elastic modulus maps. However, it does not obtain these maps 
with direct measurements and may not correlate well with real tissue stiffness. Rather, it evaluates the 
echo time through tissues under a constant mechanical stress and compares it to the same tissue when 
unstressed to generate a tissue strain map from which inversion techniques are then used to 
simulate/construct the tissue elastic modulus distributions [15-17]. Magnetic resonance elastography, 
which requires the use of injected contrast materials, is expensive and is not widely available. Tactile 
imaging is a new technique for sizing breast tumors by probing tissue stiffness contrast [18]. However, it 
only works in the compression mode. 
Piezoelectric finger (PEF) is a tissue elastic properties sensor that has both the actuator and the 
sensor (see Figure 1) in one device using simple all-electrical measurement. Measurement of tissue elastic 
properties is achieved by simply placing a PEF on top of a tissue much like the palpation technique. A 
voltage (less than or equal to 10 V DC) is applied to the top driving piezoelectric layer (e.g., lead 
zirconate titanate (PZT)) to exert a force on the tissue and the induced piezoelectric voltage (less than 1 
V), captured across the bottom piezoelectric layer, measures the corresponding tissue displacement. A US 
patent application has been filed for this invention [19]. It has been demonstrated that a PEF with suitable 
tip geometry can accurately and simply measure the elastic and shear modulus of soft tissues and their 
spatial variation both under compression and under shear [19-21].  A PEF can detect and locate a hard 
inclusion smaller than 1 cm in size suggesting that it can also detect and locate smaller breast cancers that 
would otherwise be missed by current detection technologies. A PEF can determine the tissue stiffness 
both under compression and under shear and direct comparison of the shear and compressive properties 
may offer additional information that may be useful for diagnosis. 
 
 
II. EXPERIMENTAL PROCEDURE AND RESULTS  
 
 
PEF was used to profile the elastic modulus spatial variations within a surgical lumpectomy sample. 
The obtained elastic modulus profile is then used to detect and locate the tumor within the lumpectomy 
sample. The experiment was made on a fresh lumpectomy sample obtained right after the excision biopsy. 
The sample was obtained from a 47 years old female patient. 
 
 
 
 
 
 
 
 
 
Figure 1. A schematic of the piezoelectric finger. 
 
 
II.1. Piezoelectric finger 
 
  
A 15 mm wide PEF was used in the experiment which had two 127 µm thick PZT layers (T105-
H4E-602, Piezo Systems Inc., Cambridge, MA) bonded to a 50 µm thick middle stainless steel layer (Alfa 
Aesar, Ward Hill, MA) as schematically shown in Figure 1. The driving and sensing PZT layers were 
bonded to the stainless steel layer using a nonconductive epoxy (Henkel Loctite Corporation, Industry, 
CA) followed by curing at room temperature for one day. The edges of the PZT layers were sanded 
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afterwards for uniformity. After sanding, the PEF was clamped to a home-made 7.5 mm thick acrylic 
(McMaster-Carr, New Brunswick, NJ) fixture.  
The PZT layers have a piezoelectric coefficient of d31= -320 pC/N. The Young’s modulus of the 
stainless steel and that of the PZT layers were 200 and 62 GPa, respectively. The tip geometry of the PEF 
was specially designed so that the same PEF can perform both compression and shear tests. 15 mm wide 
PEF had a contact area of approximately 15x15 mm2 for the elasticity tests.  
 
         
II.2. Tip displacement and induced voltage 
 
 
When an electric field is applied to the driving PZT layer, the cantilever bends giving rise to 
deflection at the cantilever tip which in turn causes an induced piezoelectric voltage across the sensing 
PZT layer proportional to the tip deflection. As such, a PEF can both apply a force and detect the 
corresponding displacement in one device using simple electrical means, offering the potential to 
“palpate” electrically much like a finger. In Figure 2A, we plot the axial tip displacement and the 
corresponding induced voltage across the sensing PZT layer versus the voltage applied to the driving PZT 
layer of the 15 mm wide PEF, both without the tissue. In Figure 2B, we plot the induced voltage and the 
corresponding axial tip displacement at the DC applied voltages of 4, 6, 8, and 10 V. Figure 2B shows 
that the induced voltage produced on the sensing electrode versus the axial tip displacement is linear, 
indicating that the induced voltage could indeed be used to represent the tip displacement. It also shows 
that the induced voltage versus the axial tip displacement had the same slope, with and without the tissue. 
The applied DC voltage was generated using the HP E3631A (Hewlett-Packard) DC voltage source. The 
tip deflection was measured using a Keyence LC-2450 laser displacement meter (Keyence Corporation, 
Osaka, Japan) with a resolution of 0.5 µm. The induced voltage was measured using an Agilent Infiniium 
S4832D digital oscilloscope (Agilent, Palo Alto, CA).  
 
 
 
 
 
 
 
 
         
III. Palpation-Compression Scan 
 
 
 
 
 
 
 
 
 
 The elastic modulus scan on the lumpectomy sample was carried out with “palpation compression” or 
flat-punch indentation tests. We term the present flat-punch compression tests as “palpation compression” 
because of the similarity of the PEF to a doctor’s finger. The lumpectomy sample was scanned along the 
“D, F, and I” traces as denoted by the horizontal lines in Figure 3 where the interval was 4 mm between 
the adjacent grids both in the x and the y directions.  On the I trace, the palpation compression scan was 
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Figure 2A. Axial tip displacement and 
induced voltage across the sensing PZT layer 
versus applied voltage at the driving PZT layer 
for the 15 mm wide PEF, without the tissue. 
Figure 2B. Axial tip displacement 
versus induced voltage across the 
sensing PZT layer for the 15 mm wide 
PEF, with and without the tissue. 
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made by measuring the tissue elastic modulus at 8 different locations from I2 to I9. Results of 
pathological section after the measurement indicated that the tumor was located at around I8–I10.  
At each location, DC voltages of 4, 6, 8, and 10 V were applied to the driving PZT layer and the 
corresponding induced voltages generated across the sensing PZT layer were measured along with the 
axial displacements at the tip of the PEF. The axial displacements of the PEF tip were obtained to validate 
the induced voltages. To ensure that the PEF is in good contact with the tissue, a constant pre-strain 
equivalent to a 4 µm tip displacement or 80 mV induced voltage was applied to all locations. As an 
example, Figure 4A shows the obtained induced voltage versus x at Vapp = 10 V where Vapp was the 
applied DC voltage at the driving PZT layer and x denotes the lateral position as depicted in Figure 3 with 
x = 0 located at “I2”.  With the induced voltages the elastic modulus, E, was then calculated using [21] 
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as defined in Figure 3. 
Figure 4A.Induced voltage at the 
sensing PZT layer versus x at Vapp = 
10V, where x is as defined in Figure 3. 
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Figure 3. A photograph of the lumpectomy sample used in this experiment. 
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where A denotes the contact area, K the effective spring constant of the PEF, Vin,0 and Vin denote the 
induced voltage without and with the tissue, respectively, and the use of ( ) inin0,in VVVK ∆−∆  denotes 
that the elastic modulus was determined using the slope of the force-displacement curve  near the 
maximum displacement. The difference between Vin,0 and Vin versus the distance x is plotted in Figure 4B. 
Using the data shown in Figures 4A and 4B, the elastic modulus was deduced using Equation (1). The 
resultant elastic modulus versus x along the “D, F, and I” traces are shown in Figure 5. For the D trace the 
elastic modulus of the surrounding tissue was fairly constant at around 10 kPa. For the F trace, at and 
beyond x=12, there is a slight increase in the measured elastic modulus, which might be due to the slight 
overlap with the tumor region by the PEF probe. For the I trace, the measured elastic modulus at and 
before x=12 is also constant around 10 kPa, which gives the modulus of the surrounding tissue. Also for 
the I trace, the elastic modulus rose sharply to about 6-7 times that of the surrounding tissue at x = 24 mm 
(position I8). We could not perform the measurements beyond “I8-9” because of the sharp decrease in 
tissue height. The results from the pathological sectioning showed that the tumor was located between 
“I8” and “I-10”. In comparison, the elastic modulus profile shown in Fig. 5 accurately showed the elastic 
modulus peak near “I8”. Moreover, the radius of the tumor as estimated from the width at half of the 
elastic modulus peak height was about 4 mm, consistent with the pathology result that the tumor was 
located between “I8” and “I-10”.  The pathological results also indicated that the tumor was a cyst. Figure 
5 clearly shows that the PEF can give clear elastic modulus contrast and detect a tumor less than 1 cm in 
diameter with plenty of resolution for smaller tumors. As demonstrated from the above results, PEF offers 
the potential to detect tumors smaller than 1 cm in diameter, an advantage that is not available with many 
of the current technologies. Preliminary studies also showed that the current PEF can probe tumors at a 
depth of 30 mm. In addition, a PEF can perform shear modulus scan by tilting the fixture 90º so that the 
PEF is perpendicular to the sample. The results of the shear experiments and depth sensitivity will be 
published in separate publications.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 III. CONCLUSIONS 
 
 
PEF is a piezoelectric cantilever sensor that has a driving piezoelectric layer and a sensing 
piezoelectric layer. It has the ability to measure both the elastic and shear modulus of soft materials and 
soft tissues much like a finger using simple electrical means. The induced voltage at the sensing PZT 
layer could be used to represent the PEF axial displacement. In this study we have demonstrated that 
using the all-electrical “palpation compression” measurement elastic-modulus profile could be obtained 
on a surgical lumpectomy sample. With the elastic modulus profile the tumor location and tumor size 
(about 8 mm) was accurately determined and confirmed by pathological sectioning.  
Figure 5. Elastic modulus profiles of the lumpectomy sample along the “D, F, and I” traces.
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